ABSTRACT Pyrethroid insecticides play very important roles in the control of pediculosis, which is caused by human head louse (Pediculus humanus capitis De Geer) worldwide. The development of head louse resistance to pyrethroid pediculicides has become a global issue during the last two decades. Pyrethroid resistance is associated with amino acid substitutions in the ␣-subunit of the parasodium channel gene; these substitutions are termed kdr-like mutations. The frequencies of four mutations (D11E, M815I, T929I, and L932F) in the sodium channel gene were studied in human head louse colonies collected from Japan by using SNaPshot method. A total of 630 head lice collected from 282 infested people were analyzed, and it was found that 55 lice of 19 colonies homozygously or heterozygously possessed kdr-like genes, in which the four mutations existed concomitantly. This suggested that the quadruple mutant haplotype is a common feature of the kdr genes of pandemic head lice. The frequencies of the occurrence of resistant genes in the total individuals tested and resistant gene-carrying colonies were 8.7
Pediculosis, which is caused by head lice (Pediculus capitis De Geer), is a human ectoparasitic disease, which is frequent among young children in the age range of 3Ð12 yr (Burgess 2004) . Head louse infestation is not associated with a hostÕs socioeconomic and hygiene status and thus can occur worldwide. In Japan, the reported cases of pediculosis have increased in recent years, and head louse pediculosis is estimated to affect Ϸ1.5 million people. It is suspected that the development of pediculicide resistance in head louse is partly responsible for the recent increment in the reported pediculosis cases.
Pyrethroids such as phenothrin and permethrin are the major pediculicide ingredients. The development of pyrethroid resistance has rendered it difÞcult to control head lice infestation, especially in countries where pyrethroid pediculicides are intensively used. Pyrethroid resistance in human head louse has been reported in many countries, including the United States (Pollack et al. 1999) , the United Kingdom (Burgess et al. 1995) , Argentina (Picollo et al. 1998) , France (Chosidow et al. 1994) , Israel (Mumcuoglu et al. 1995) , the Czech Republic (Rupes et al. 1995) , and Japan (Tomita et al. 2003a ). In Japan, phenothrin is the only active ingredient of the ofÞcially registered pediculicide shampoo and powder formulations available over the counter. By using the rapid toxicity of this compound toward insects, we established a shorttime bioassay method to determine pediculicide resistance in head louse (Kasai et al. 2003) . The bioassay was used with 10 living head louse colonies collected from the Tokyo metropolitan area, Japan, in 2001 and 2002. Of the 10 colonies collected, three exhibited resistance to phenothrin (Tomita et al. 2003a) . It is widely reported that the so-called knock down resistance (kdr) mutationÑamino acid substitution(s) at the target sites of pyrethroids and dichlorodiphenyltrichloroethane (DDT; i.e., at the ␣-subunit of the para-sodium channel gene)Ñis associated with the development of resistance in agriculturally and medically important insects (Soderlund and Knipple 2003) . The kdr-like resistance in head louse was Þrst reported in the colonies collected from the United States and the United Kingdom by sequencing a partial cDNA fragment of the sodium channel gene (Lee et al. 2000) . Subsequently, the full-length amino acid sequences of the sodium channel ␣-subunit were compared between the susceptible and resistant head louse colonies , Tomita et al. 2003b ). In the resistant head louse colonies, four amino acid substitutions were identiÞed, all of which were con-Þrmed in three resistant head louse colonies collected from Tokyo (Tomita et al. 2003a, b) . Recently, an electrophysiological study showed that three of the abovementioned point mutations (i.e., M815I, T929I, and L932 F) are associated with pyrethroid resistance in head louse (Yoon et al. 2008) . All combinations of these mutations were inserted into the sodium channel gene of houseßy and expressed in Xenopus oocytes with the sodium channel auxiliary subunit of houseßy, Vssc␤. The experiments showed that each of the three mutations cause a reduction in permethrin sensitivity, but the T929I mutation, which has functionally been validated as a kdr-like mutation in diamondback moth (Plutella xylostella L.) (Schuler et al. 1998) , primarily causes the resistance (Yoon et al. 2008) . It is suggested that the additional mutation, D11E, is not involved in resistance development because the same mutation was found in the sodium channel gene of the susceptible body louse and other susceptible strains of different species as well , Tomita et al. 2003b .
A high incidence of kdr-like haplotype has been reported in head lice in several countries, including the United States , the United Kingdom (Thomas et al. 2006) , and Denmark (Kristensen et al. 2006) . In these countries, the frequency of occurrence of kdr-like allele is between 44 (Wales, United Kingdom) and 96.6% (Florida), suggesting that pyrethroid insecticides are less effective in these areas.
Although evaluating the effectiveness of pediculicide is important to avoid unnecessary application of the chemicals to children, the frequency of occurrence of kdr-like gene in head louse populations in Japan remains to be examined. This study aimed to establish a genotyping method to simultaneously target the four abovementioned mutations in each individual louse and to evaluate the current levels of phenothrin resistance by investigating the frequency of occurrence of kdr-like alleles in the head louse colonies collected in Japan. This would aid in designing an appropriate head louse control strategy.
Materials and Methods
Head Lice. Head lice or nits were provided by dermatologists, public health center ofÞcials, kindergarten nurses, school teachers, and the general public through the mailing list of dermatologists and the website of the Department of Medical Entomology, National Institute of Infectious Diseases (http://www. nih.go.jp/niid/entomology/). The head lice were mailed to our institute at room temperature without any treatment and were not mailed in a frozen or chilled condition. We had previously conÞrmed that the genomic DNA of a single body louse can stably be extracted at least after 2 mo of storage at room temperature (Lee et al. 2006) . In fact, in this study, we successfully analyzed a head louse sample preserved at room temperature for 2 yr.
Genomic DNA Extraction. The genomic DNA was isolated from individual head louse or nit using the REDExtract-N-Amp Tissue PCR Kit (Sigma, St. Louis, MO). The extraction solution and tissue preparation solution were mixed, and each louse was homogenized using a shaking homogenizer (MM300; Retsch Co., Haan, Germany) for 3 min at 1,500 rpm with 62.5 l of the mixture and a zirconia ball ( 4 mm) in a 2-ml safe-lock micro test tube (Eppendorf, Hamburg, Germany). Nits collected from the same person were pooled and analyzed together. After homogenization, the samples were incubated at room temperature for 60 min and then at 95ЊC for 3 min. Thereafter, the sample was mixed by vortexing with 50 l of neutralization solution. The extracted mixture was stored at Ϫ20ЊC until use.
Sodium Channel Genotyping. A multiplex primer extension assay that could simultaneously detect the four amino acid mutations was performed using the ABI Prism SNaPshot Multiplex Kit (Applied Biosystems, Foster City, CA). The primer sequences used in this study are listed in Table 1 . By using the extracted genomic DNA as the template, multiplex polymerase chain reaction (PCR) was performed to amplify three fragments of the sodium channel gene. The following three primer sets were used: F50-PhSC/R51-PhSC (producing Ϸ180 bp), F52-PhSC/R55-PhSC (producing Ϸ350 bp), and F56-PhSC/R53-PhSC (producing Ϸ280 bp), which include the four single nucleotide polymorphisms (Fig. 1A) . PCR was performed with 1.0 l genomic DNA, 13.4 l distilled water (DW), 2.5 l 10ϫ buffer, 2.0 l deoxynucleoside triphosphate (dNTP, 10 mM), 1.0 l of each primer (F50/R51, 10 M; F52/R55, 5.0 M; and F56/R53, 1.5 M), and 0.125 l TaqDNA polymerase (Ex-Taq, 5 U/l; Takara Bio, Shiga, Japan). After initial denaturation at 95ЊC for 5 min, 40 cycles of extension reactions were carried out. Each cycle comprised denaturation at 95ЊC for 30 s, annealing at 45ЊC for 30 s, and elongation at 72ЊC for 20 s. A Þnal elongation step was carried out at 72ЊC for 5 min. Thereafter, 2.5 l PCR solution was incubated with 1.0 l ExoSAP IT (GE Healthcare, Buckinghamshire, United Kingdom) at 37ЊC for 60 min and then inactivated at 80ЊC for 15 min. The extension reactions were performed with 1.6 l DW, 3.5 l template DNA, 1.0 l SNaPshot Multiplex Ready Reaction Mix, and 1.0 l of each high-performance liquid chromatography (HPLC) grade primer (F61-PhSC, 3.2 M; F62-PhSC, 1.6 M; R63-PhSC, 0.4 M; and F64-PhSC, 2.0 M; Fig. 1C ). After initial denaturation at 95ЊC for 1 min, 25 cycles of extension reactions were carried out. Each cycle comprised denaturation at 95ЊC for 10 s, annealing at 50ЊC for 5 s, and elongation at 60ЊC for 30 s. The reaction mixture was incubated with 1.0 l SAP (1 U/l; BE Healthcare) at 37ЊC for 60 min and then was inactivated at 80ЊC for 15 min. The product (1.0 l) was mixed with 8.5 l HiDi formamide (Applied Biosystems) and 0.5 l GeneScan 120-LIZ Size Standard (Applied Biosystems), incubated at 95ЊC for 2 min, and chilled on ice for 2 min. Thereafter, the mixture was electrophoresed on an ABI 3130 Genetic Analyzer (Applied Biosystems). The results were analyzed using GeneScan analysis ver. 3.7 software (Applied Biosystems).
Results and Discussion
Establishment of a kdr Genotyping Method. SNaPshot assay was used for detecting kdr-like alleles; this assay can simultaneously detect all the four abovementioned point mutations (i.e., D11E, M815I, T929I, and L932 F) found in the resistant head louse populations collected from the United States and Japan (Tomita et al. 2003b ). After optimization, we identiÞed the suitable primer concentrations and produced an approximately equal amount of DNA by multiplex PCR (Fig. 1B) . SNaPshot reaction generated an appropriate strength of signals in both the susceptible and resistant head louse samples (Fig. 2) . When the larvae (even the Þrst instars) and adults were tested, all samples detected all four signals. When individual nits were used for DNA extraction, 38.5% samples (25/65) failed to detect the signals; this was probably because of immature embryos. Therefore, midway through the surveillance, we pooled the nits collected from the same person and analyzed them together.
Frequency of kdr-like Alleles in the Head Louse Colonies Collected from Japan. A total of 630 head lice or nits were collected from 282 infested people. Most of the hosts (95%) were Ͻ12 yr of age. Shortly after the analysis, the result was reported to the host, and termination of phenothrin treatment was strongly recommended if the kdr-like allele was detected. Alternatively, physical control of lice was advised by Table 2 lists the colonies that possessed kdr-like alleles. It can be seen that 19 colonies possessed kdr-like alleles, and the frequency of the colonies carrying the resistant allele(s) was 6.7% (19/ 282), which was consistent with the prediction of 8.5% estimated on the basis of nationwide descriptive online investigation (N. Seki, personal communication). Among the 19 colonies, 15 included only an individual(s) homozygote(s) of kdr-like allele(s), whereas the remaining four colonies included at least one heterozygote. The frequency of kdr-like allele was 8.1% (102/1260), which was relatively low compared with that found in other countries surveyed , Kristensen et al. 2006 , Thomas et al. 2006 . Thus, the development of phenothrin resistance in head louse partly contributes to the recent increment in the incidence of head louse pediculosis in Japan, although it may not be the major factor. Phenothrin has been used as a pediculicide in Japan for nearly 30 yr. Low frequency of resistant head lice is probably caused by comparably recent migration of resistant individual(s) from abroad. However, we should consider the development of metabolic resistance through the activities of carboxyl esterase and cytochrome P450 monooxygenases. Involvement of cytochrome P450 in the development of resistance in the head louse colonies obtained from Argentina was suspected because of a high correlation between LD 50 to permethrin and P450-mediated ethoxycoumarin O-deethylase (ECOD) activity (Audino et al. 2005) and also because of synergism of a P450 inhibitor, piperonyl butoxide (Picollo et al. 2000) . At the time of receiving the head louse samples, we also distributed questionnaires to the hosts as a tool to collect information regarding the effectiveness of phenothrin. Some hosts answered that they failed to control louse infestation with phenothrin. In fact, all head lice collected from these people possessed kdr-like alleles. Furthermore, the fact that the occurrence of kdr-like alleles reached beyond 90% in the colonies collected from the United States and Denmark is suggestive of the essentiality of kdr in the development of a high level of pyrethroid resistance in head lice , Kristensen et al. 2006 ). Thus, kdr-like allele is a good indicator of pyrethroid resistance in head lice.
Variation in the Sodium Channel Gene Haplotype in Resistant Head Lice. In this study, 47 of the 630 head lice possessed kdr-like alleles homozygously. Notably, all the 94 sodium channel genes contained all four amino acid mutations (i.e., D11E, M815I, T929I, and L932 F). Thus, according to our study, this implies that a common haplotype induced phenothrin resistance in the head louse colonies obtained from Japan. Because the same haplotype is conÞrmed in a Þeld strain of resistant head louse in Florida , it is highly possible that kdr-like resistance in head louse is induced by a single haplotype of the sodium channel gene worldwide. Recently, some time-saving and excellent methods have been introduced for the detection of kdr-like alleles in head louse, such as serial invasive signal ampliÞcation reaction (SISAR) (Kim et al. 2004 ) and PCR-restriction endonuclease assay (PCR-REN) (Kristensen 2005) . These methods target only two amino acid substitutions (T929I and L932F); therefore, the single mutation of M815I (in case it occurs) cannot be detected. Our results indicate that the four mutations discussed are always concomitantly present in the resistant sodium channel allele and that M815I possibly does not occur alone. Therefore, it can be stated that SISAR and PCR-REN are suitable and convenient methods for the detection of resistant head louse.
Future Prospects of the Occurrence of Resistant Head Lice in Japan. Although presently the incidence of resistant head louse population is Ͻ10% in Japan, the kdr-like allele was conÞrmed in head lice colonies collected from 11 of 22 prefectures surveyed in this study. Therefore, it is probable that resistant head lice have already spread extensively in Japan. Furthermore, because the frequency of occurrence of the kdr-like allele in head louse is extremely high in the United States and Denmark , Kristensen et al. 2006 ) and the annual sales of phenothrin shampoo or powder formulations is more than half a million in Japan, the frequency of occurrence of resistant head lice is likely to increase annually in this country in the near future. Thus, registration and sale of effective and safe alternatives is highly desired in Japan.
